Densely ionizing (high-LET) galactic cosmic rays (GCR) contribute a significant component of the radiation risk in free space. Over a period of a few months-sufficient for the early stages of radiation carcinogenesis to occur-a significant proportion of cell nuclei will not be traversed. There is convincing evidence, at least in vitro, that irradiated cells can send out signals that can result in damage to nearby unirradiated cells. This observation can hold even when the unirradiated cells have been exposed to low doses of low-LET radiation. We discuss here a quantitative model based on the B aD formalism, an approach that incorporates radiobiological damage both from a bystander response to signals emitted by irradiated cells, and also from direct traversal of high-LET radiations through cell nuclei. The model produces results that are consistent with those of a series of studies of the bystander phenomenon using a high-LET microbeam, with the end point of in vitro oncogenic transformation. According to this picture, for exposure to high-LET particles such as galactic cosmic rays other than protons, the bystander effect is significant primarily at low fluences, i.e., exposures where there are significant numbers of untraversed cells. If the mechanisms postulated here were applicable in vivo, using a linear extrapolation of risks derived from studies using intermediate doses of high-LET radiation (where the contribution of the bystander effect may be negligible) to estimate risks at very low doses (where the bystander effect may be dominant) could underestimate the true risk from low doses of high-LET radiation. It would be highly premature simply to abandon current risk projections for high-LET, low-dose radiation; however, these considerations would suggest caution in applying results derived from experiments using high-LET radiation at fluences above ϳ1 particle per nucleus to risk estimation for a Mars mission. ᭧
INTRODUCTION
A decision to proceed with a manned Mars mission will depend on many factors, one of the most critical being the risk of radiation-induced stochastic biological effects, particularly cancer. As opposed to radiation exposure in Earth orbit, and with the possible exception of rare large solar particle events, the majority of radiation risk in free space will come from densely ionizing (high-LET) galactic cosmic rays (GCR) (1) .
Spatially, as illustrated in Fig. 1 , high-LET radiations deposit their energy, and thus produce damage, in an extremely inhomogeneous manner-far less homogeneous than low-LET radiation. Thus, at low and even intermediate doses of high-LET radiation, significant numbers of cells will not be traversed by a high-LET radiation track. 2 This is illustrated quantitatively in Figs. 2 and 3 (derived from data in ref. 1) , which show estimates of the proportion of cell nuclei that remain untraversed by a GCR track as a function of time spent in deep space, shielding and solar cycle position. For example, over a 2-year mission, few cell nuclei will remain untraversed by GCR tracks, but over a period of a few months-sufficient perhaps for the initial stages of radiation carcinogenesis to occur-a significant proportion of cell nuclei will not be traversed. This observation does not depend strongly on the amount of shielding present, but does depend somewhat on the solar cycle (Figs. 2 and 3).
The potential significance of untraversed cells in a high-LET radiation field is that there is convincing evidence, at least in vitro, that irradiated cells can send out signals which can result in damage to nearby unirradiated cells. The evidence is particularly strong in the case of high-LET radiation for a broad variety of end points (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Some recent results suggest that bystander effects can be induced by high-LET radiation even when the bystander cells have been exposed previously to low doses of X rays (17) .
This bystander effect for high-LET radiation is relevant to situations in which some cells are traversed by a high-LET radiation track but a significant number of cells are not, at least in an appropriate time frame for development of oncogenic damage. Such scenarios include home-dwell-
FIG. 1.
Slice of an end-on view of a simulation of a 370 MeV/nucleon argon ion traversing a human lens epithelium. Each point represents a single ionization event.
FIG. 2.
Estimated probability that a nucleus in a blood-forming organ will not be traversed by the track core of a galactic cosmic ray, as a function of shielding and of duration in free space. The data are for an average solar cycle position. It is of interest to note that, as the amount of shielding is increased, the changes in dose and in LET combine to make the proportion of nonhit cells relatively insensitive to the amount of shielding. Results derived from data in ref. (1) .
FIG. 3.
Estimated probability that a nucleus in a blood-forming organ will not be traversed by the track core of a galactic cosmic ray, as a function of solar cycle position and of duration in free space. Results derived from data in ref.
(1), for 20 g/cm 2 of aluminum shielding.
ers exposed to domestic levels of radon and workers exposed occupationally to neutrons. In addition, and of concern here, there is the situation of astronauts in deep space (i.e. outside the Earth's magnetic field), who may receive significant exposures from high-LET galactic cosmic rays. Currently, as we have no in vivo-based quantitative information about bystander phenomena, we need to rely on insights that we can gain from in vitro studies, though it would be appropriate to maintain a certain skepticism regarding the applicability of in vitro studies of this multicell phenomenon to the situation in vivo.
METHODS
Studies that have been undertaken at Columbia University to probe the bystander phenomenon have two particularly pertinent features:
1. An in vitro oncogenic transformation assay (using immortalized mouse C3H 10T½ cells) was used, a system with potential relevance to the dose-related parts of the process of radiation carcinogenesis in vivo (17; also see Discussion). 2. The use of a single-cell/single-particle microbeam irradiation facility (19, 20) has made it possible to define precisely what proportion of cells are traversed by an exactly defined number of ␣ particles, rather than relying on estimates of probabilities.
The goal of these studies was to compare induced oncogenic risks per surviving cell in populations of cells, sparsely plated on dishes (mean nearest-neighbor distance Ͼ50 m), in which (a) all cell nuclei were hit with precisely defined numbers of high-LET (95 keV/m) ␣ particles, and (b) only a small proportion of the cells were hit with the same numbers of ␣ particles, the rest receiving no direct radiation exposure (16) . In addition, in earlier studies (21), the risks of oncogenic transformation per surviving cell when all cell nuclei received exactly the same number of ␣ particles were compared with the corresponding risks when cells were exposed to a Poisson-distributed number of ␣ particles-the situation which actually applies for external high-LET radiation exposure.
RESULTS

In Vitro Oncogenic Transformation Rates
In the experiments (21) comparing a Poisson-distributed number of ␣-particle traversals with the situation in which each cell nucleus received the same known number of traversals, the risks were essentially the same, except for the one case for ␣ particles, where a Poisson mean of one ␣ particle produced a significantly larger risk than when all cell nuclei were traversed by exactly one ␣ particle.
For exposures to exactly two or more ␣ particles, com-parisons (16) between microbeam exposure of all cells on a dish compared to exposure of only 1 in 10 cells on a dish showed that the resulting induced oncogenic transformation frequencies were statistically indistinguishable. For the one case for ␣ particles, when 10% of the population was exposed to exactly one ␣ particle, the induced transformation rate was larger than the situation in which all the cells were exposed to exactly one ␣ particle. Because of these surprising results, and because of the particular relevance of the results after traversal of cells by one high-LET particle, we subsequently performed two repeats of the part of the experiment in which 10% of the cells were exposed to exactly one ␣ particle. Unlike the previous experiments, no control experiments were performed for the repeat studies. Based on a standard test for homogeneity (22), we were not able to pool the results of the later experiments with those of the original experiment, although these combined results show an increased transformation frequency of about a factor of two for the case in which 10% of the cells were exposed to one ␣ particle, compared with the case in which 100% of the cells were exposed to exactly one ␣ particle. However, no statistical comparisons are possible for the combined results.
Possible Mechanisms Underlying Bystander Effects
The results of these experiments suggest that:
1. An irradiated cell can indeed send out a signal which can lead to an oncogenic response in a bystander cell, i.e., a cell whose nucleus is not hit. 2. In these experiments, the bystander effect is likely to be a binary ''all or nothing'' effect, in which a signal is sent out by cells traversed by single (or more) ␣ particles, but more signal does not lead to any increase in oncogenic response. 3. The cell population may contain a small subpopulation that is hypersensitive to transformation by the bystander signal.
The binary nature of this bystander effect is suggested by the apparent saturation of the effect at low fluences (23) . The rationale for the presence of a sensitive subpopulation that is highly responsive to bystander-induced oncogenesis is as follows: the phenomena of (1) an initial steep rise of response at low acute doses followed by a plateau and (2) an inverse dose-rate effect (increasing biological effect with increasing dose protraction) at low doses (e.g. ref. 24) are both characteristics that are consistent with the existence of a subpopulation of cells that is, at least at the time of irradiation, hypersensitive or already partially damaged (23) .
Possible Models of Bystander and Direct Effects
While the results of experiments such as those described here suggest that bystander effects for end points relevant to cancer can be important, it is also clear that there must also be a component of radiobiological damage which is ''direct'', in the sense that it involves damage in a cell by a radiation track which deposits energy directly in that cell nucleus (25, 26) . In an earlier analysis of the data described above, we discussed an approach to radiation-induced biological response, termed B aD, which incorporates both bystander and direct damage (23) .
The B aD approach assumes that the overall response comes from both a bystander response in unhit cells and a direct response in hit cells. For the bystander component, it was assumed, based on the considerations discussed earlier, that the oncogenic bystander phenomenon is a binary ''all or nothing'' response to the bystander signal in a small sensitive subpopulation of cells (at least for high-LET radiation). It was further suggested that cells from this sensitive subpopulation are also very sensitive to direct hits from ␣ particles, generally resulting in a directly hit sensitive cell being inactivated (23) .
The resulting B aD model was used to analyze measured yields of oncogenic transformation per surviving cell from the three bystander protocols [100% of cells irradiated with exact numbers of ␣ particles, 10% of cells irradiated with exact numbers of ␣ particles, cells exposed to a Poissondistributed number of traversals (23)]. The model has one free parameter relating to the direct component (the slope of the assumed linear response to high-LET radiation), and one free parameter relating to the bystander component (the proportion of cells that are highly sensitive to the bystander signal). A reasonable fit of the model to the data was seen, including the increased effect for a mean of one ␣ particle compared to exactly one ␣ particle, as well as the reversal of this difference with increasing numbers of ␣ particles. Within the current approach, the reason for the difference in the observed transformation rate in the one case for ␣ particles is the presence in the case of broad-beam (Poisson) irradiation of a significant proportion of cells which are not directly hit, a proportion which becomes very small with increasing fluence. Some of these unhit cells are assumed to be hypersensitive to the bystander signal. By contrast, when all the cell nuclei are hit directly, those cells that are hypersensitive to the bystander signal are largely inactivated.
With the two parameters of the model fixed by the fits to the data (21) for exact compared to Poisson-distributed numbers of particle traversals, the model was used to make predictions for the microbeam experiment (17) , in which 10% of the cells are irradiated with exact numbers of ␣ particles. The predictions of the model reproduce the trend of the data (23); in particular, the predictions are consistent with the prima facie anomalous observation that irradiation of 10% of cells with exactly one ␣ particle apparently results in a bigger effect than does irradiation of 100% of cells with exactly one ␣ particle. Analogous to the case of broad-beam irradiation, the putative reason for the different response is assumed to be the presence, when only 1 in 10 cells are directly irradiated, of nonhit hypersensitive cells that can contribute bystander effects.
BYSTANDER EFFECTS ON A MARS MISSION
DISCUSSION
Summary
Summarized here is a quantitative model, based on the B aD approach (23) , that incorporates radiobiological damage both from a bystander response to signals emitted by irradiated cells, and also from the direct traversal of ionizing radiations through cell nuclei. In the current model, no detailed signaling mechanisms were hypothesized, so the approach could, in principle, apply to the situation in which cells are in direct contact with one other, as well as to the situation in which the cells are further apart. In essence, it is assumed, at least for high-LET radiation, that this bystander effect is a binary ''all or nothing'' response to the bystander signal in a small sensitive subpopulation of cells. It is further assumed that cells from this bystandersignal-sensitive subpopulation are also very sensitive to direct hits from ␣ particles, generally resulting in directly hit, bystander-signal-sensitive cells being inactivated.
The model was applied to a series of experiments on ␣-particle-induced in vitro oncogenic transformation (using the immortalized mouse C3H 10T½ cell line) with a singlecell/single-particle microbeam, as well as with broad-beam irradiation. The model was able to reproduce the main features of the data for both single and larger numbers of ␣ particles.
Relevance and Utility of Transformation Experiments with Immortalized Cells
It is, of course, pertinent to consider whether oncogenic transformation in an immortalized mouse cell line is or could be useful in elucidating dose-or dose-rate-related trends of radiation-induced cancer in humans. Radiation carcinogenesis in vivo requires multiple genetic changes, which may be why transforming normal human cells in culture with radiation is difficult: The probabilities are just too small. The rationale underlying the use of immortalized cells in which some of these genetic events have already occurred is to separate out the radiation-dependent and the radiation-independent components of the overall process of radiation oncogenesis. This permits the study, with measurable frequencies, of the specifically radiation-related trends, such as dose-effect relationships, or dose-rate effects.
Of course, a price has to be paid with this approach, in that absolute risks cannot be assessed, since only a part of the entire process of radiation oncogenesis is being examined. Nevertheless, this approach has proven useful in the past for elucidating trends that are relevant to radiation carcinogenesis in humans. One example is the inverse doserate effect for radon: The dose/dose-rate trends for this phenomenon were quantified using experiments (24) with the immortalized C3H 10T½ cell line, resulting in predictions as to the pattern of dose/time effects that would be expected in uranium miners (27) . Subsequent epidemiological investigations (28) showed that these dose/time patterns were indeed present in human populations.
Constraints on Possible Models of Bystander Effects
While some of the details of the model described here for this bystander response could change, some of its essential features currently appear to be constrained by the available data. Various other experiments on the bystander effect seem to suggest a rapid rise to a plateau at low doses, with little further dose dependence (see ref . 23) . Sensitive subpopulations characteristically produce such plateaus in responses, although other phenomena, such as indirect, multistage pathways or adaptive responses, can also produce similar dose-effect relationships. The existence of an inverse dose-rate effect in other experiments (24) would also suggest a cell subpopulation which is hyper-responsive to a bystander signal. Typically, if a subpopulation has a saturated response for acute irradiation, but is restored by endogenous processes during prolonged irradiation, inverse dose-rate effects could result (29) , which are indeed observed at low doses of high-LET radiation (24, 27, 28) .
More specifically, the results of the experiments with one ␣ particle appear to constrain possible models significantly. Experiments in which all cells were traversed with one ␣ particle appeared to produce lower risks than either those in which cells received a mean of one ␣ particle or those where only 1 in 10 cells was traversed by one ␣ particle. These results would suggest that when essentially all cells are directly struck by high-LET particles, bystander effects contribute little to the overall risk, but when significant numbers of cells are not directly hit, signals from hit cells to some of these untraversed cells can augment the overall risk significantly.
Relevance to Risk Estimation for High-LET Low-Dose Radiation
For exposure to high-LET particles, according to this picture, bystander effects are relevant primarily at low doses, i.e. where there are significant numbers of untraversed cells. Based on the fits to the data for in vitro oncogenic transformation, the bystander component appears to contribute only 6% of the measured transformation rate for a broadbeam irradiation with a mean of 4 particles [corresponding to a mean dose from 90 keV/m particles of about 0.3 Gy (30)], increasing to 38% for a mean of 2 particles (mean dose 0.15 Gy), and to 73% for a mean of 1 particle (mean dose 0.074 Gy).
If the trends postulated here were applicable in vivo, the consequences for risk estimation for low-dose radiation might be major, at least for high-LET radiations. The schematic in Fig. 4 , based on the fits to the data for in vitro oncogenic transformation, suggests that a linear extrapolation of risks from data taken at radiobiologically and epidemiologically tractable intermediate doses of high-LET radiation (where the bystander effect may be negligible) to estimate risks at very low doses (where the bystander effect may be dominant) could underestimate the risk from low doses of high-LET radiation.
Our understanding of the bystander phenomenon is preliminary in nature, and the applicability of conclusions derived from in vitro studies to the situation in vivo is uncertain. However, these considerations would suggest caution in applying results derived from experiments with high-LET radiation at doses above about 10 cGy to risk estimation for a Mars mission or for domestic radon exposure.
It would be premature to consider rejecting current projections for the risk of exposure to high-LET, low-dose radiation solely on the basis of studies of the bystander phenomena for high-LET radiation in an in vitro rodent cell transformation system. The quantitative suggestions made here, however, are clearly testable. 
